Abstract Wolfram syndrome or DIDMOAD (diabetes insipidus, diabetes mellitus, optic atrophy and deafness) is a neurodegenerative disorder characterized by diabetes mellitus and optic atrophy as well as diabetes insipidus and deafness in many cases. We report the post-mortem neuropathologic findings of a patient with Wolfram syndrome and correlate them with his clinical presentation. In the hypothalamus, neurons in the paraventricular and supraoptic nuclei were markedly decreased and minimal neurohypophyseal tissue remained in the pituitary. The pontine base and inferior olivary nucleus showed gross shrinkage and neuron loss, while the cerebellum was relatively unaffected. The visual system had moderate to marked loss of retinal ganglion neurons, commensurate loss of myelinated axons in the optic nerve, chiasm and tract, and neuron loss in the lateral geniculate nucleus but preservation of the primary visual cortex. The patient's inner ear showed loss of the organ of Corti in the basal turn of the cochleae and mild focal atrophy of the stria vascularis. These findings correlated well with the patient's high-frequency hearing loss. The pathologic findings correlated closely with the patient's clinical symptoms and further support the concept of Wolfram syndrome as a neurodegenerative disorder. Our findings extend prior neuropathologic reports of Wolfram syndrome by providing contributions to our understanding of eye, inner ear and olivopontine pathology in this disease.
Introduction
Wolfram syndrome was first described in 1938 by Wolfram and Wagener [31] as a hereditary syndrome characterized by diabetes mellitus and optic atrophy acquired early in life. Subsequent reports added diabetes insipidus and deafness to the syndrome, which develop in approximately 73 and 62% of sufferers, respectively [1, 26] . These features have led to the alternative acronym, DIDMOAD (diabetes insipidus, diabetes mellitus, optic atrophy and deafness), to describe the disease and approximately 50% suffer from the full phenotype. Additional studies have expanded the list of possible symptoms to include a wide variety of neurological manifestations, including psychiatric illness [22] . Affected individuals have a median age at death of 30, usually from central respiratory failure [6] .
Genetic studies have shown that the mutations of the WFS1 gene on chromosome 4 are responsible for the symptoms of Wolfram syndrome in the majority of cases (90%) [9, 20, 25] . This gene putatively encodes an endoplasmic reticulum membrane protein (wolframin) found in neurons and pancreatic b-cells as well as other tissues including the heart, placenta, inner ear, lung and liver. The function of wolframin is unknown; however, deficiencies in the protein are believed to increase stress within the endoplasmic reticulum, impair the cell cycle and affect calcium homeostasis [26, 32] .
Brain imaging of patients with Wolfram syndrome has demonstrated atrophy of the optic tracts, hypothalamus and posterior pituitary in all patients. Cerebellum, cerebral cortex and upper brainstem atrophy is variable [7, 26] . These findings all suggest a central multisystem neurodegenerative process rather than a congenital disease.
The few neuropathological studies of Wolfram syndrome patients report atrophy of the optic nerves, tract and chiasm, and the lateral geniculate nucleus [2, 7, 23] . Loss of fibers in the cochlear nerve and loss of neurons in the paraventricular and supraoptic nuclei of the hypothalamus are consistent findings [6, 22, 23] . Numerous other reported lesions include gliosis and atrophy of the olfactory bulbs, cerebellum, dorsomedial and anterior thalamic nuclei, neuronal loss from the substantia nigra and a case of corpus callosum agenesis [23] . Taken together, these findings further support a diffuse neurodegenerative process, having a remarkable diversity in presentation. In this study, we report the neuropathologic findings in a patient with Wolfram syndrome, which provides unique descriptions of ear, pituitary and retina pathology as well as provides additional evidence to support a neurodegenerative process.
Case report
The patient was a 24-year-old man who first experienced symptoms at an age of 6 years, when he developed color blindness. Three years later he started to complain of progressive vision loss. That same year he also presented with diabetes insipidus. By age 12, he had developed diabetes mellitus requiring life-long insulin therapy. His thyroid was removed at age 11 due to a diagnosis of Hashimoto's thyroiditis. He also suffered from clinical depression and occasional bouts of suicidal ideation. In the years immediately preceding his death, his visual acuity had deteriorated to the point where he was completely blind to all but bright light. Fundoscopy showed very pale optic discs. He had prominent gaze-evoked nystagmus bilaterally and his pursuit and vestibular-ocular reflex cancellation were mildly impaired. The patient suffered from hearing loss (unknown year of onset); an audiogram at age 12 showed high-tone sensorineural hearing loss (SNHL) (see Fig. 7a, b) . Hearing aids were fitted at age 16, but were minimally helpful and ultimately discontinued. Speech discrimination was essentially normal. His language was normal, but he had a slurred dysarthria. He had no history of otorrhea or ear infections and otoscopic examinations of both ears were normal. Neurological exam revealed normal finger-nose coordination and rapid alternating movements. His one-foot stance was impaired, as was his tandem gait forward and backward. An MRI scan found mild cerebral and cerebellar atrophy, inappropriate for the patient's age, but without focal intrinsic abnormalities in the brain. Imaging also showed mild atrophic changes in the pons and probable mild atrophy of the optic nerves. He had been educated at a school for the blind and at the time of his death he was living in an assisted living facility and employed at a local grocery store. In the year before his death, he developed methicillin-resistant Staphylococcus aureus and Pseudomonas pneumonia and seizures following an overdose of insulin. Subsequently, he had repeated episodes of pneumonia that were, in part, due to aspiration. He also had episodes of unresponsiveness, possibly from central hypoventilation. In the weeks immediately prior to his death, he was hospitalized for an aspiration pneumonia that was cultured positive for methicillin resistant S. aureus. His condition required mechanical ventilation after which his pulmonary condition deteriorated until he succumbed to complications of adult respiratory distress syndrome.
Methods
Permission for autopsy and use of tissues for research was obtained from the patient's parents. We obtained the brain, spinal cord and posterior aspects of his eyes for examination. Brain tissue for microscopic examination was fixed in formalin, paraffin embedded, sectioned and stained with either hematoxylin and eosin (H&E) or hematoxylin and eosin/ Luxol-fast blue (LFB) for light microscopy. On selected sections, immunohistochemical staining for adrenocorticotropic hormone (Dako 02A3, 1:24), growth hormone (Dako, 1:25), follicle-stimulating hormone (Dako, 1:100), luteinizing hormone (Dako C93, 1:50), thyroid-stimulating hormone (Dako 42, 1:200), prolactin (Dako, 1:800), glial fibrillary acidic protein (GFAP, Dako, 1:4000), neurofilament protein (NF, Biogenex, 1:4,000), calretinin (Invitrogen, 1:100), and NeuN (Chemicon, 1:40) was performed. Bielschowsky staining was also performed on selected sections.
Both temporal bones, including the inner ears, were removed at 15 h postmortem and processed in celloidin for light microscopy [24] . All serial sections through both cochleae were used to quantitatively assess for loss of neurosensory elements including outer hair cells, inner hair cells, stria vascularis and cochlear neuronal cells, using the method described by Schuknecht [24] .
Sections of the patient's retina had become detached during the autopsy and so could not be mapped precisely to a control retina. To facilitate comparison with a control retina, the width of the rod cell layers were equalized in Fig. 4a, b .
In order to obtain maximum resolution and contrast in microscopic images, several images in the figures (Figs. 5b, c, 6b ) were prepared by photographing overlapping micrographs at higher magnification and then merging them into a single larger image using the Photomerge function in Adobe Photoshop. Adobe Photoshop was also used to map the areas of greatest injury in pons (Fig. 8e) . These areas had a distinct color profile that allowed them to be selected using the ''Color Range'' option in the Selection menu. The regions identified were then compared to the routine light microscopy to confirm the mapping.
Results

Pancreas
On H&E stains, the pancreas had a normal acinar architecture, but lacked islets (Fig. 1a) . This was confirmed by the nearly complete absence of synaptophysin staining (Fig. 1b) , indicating a total or near total loss of insulinproducing islets cells.
Gross brain findings
The brain weighed 1,100 g before fixation. Externally, the entire brainstem was small, especially in comparison with its relatively normal cranial nerves (Fig. 2a) . The optic nerve (II, Fig. 2a ) was gray rather than white and shrunken to the size of the oculomotor nerve (III, Fig. 2a ). The olfactory tracts and bulbs were normal in size (not shown). The pontine base was approximately two-thirds of normal (black arrowheads, Fig. 2a, b) , while the pontine tegmentum was relatively spared (Fig. 2b) . The medulla had only minimal olivary surface bulges (white arrows, Fig. 2a ) and was reduced in width (Fig. 2c) . In addition, the medullary reticular formation (RF, Fig. 2c ) was small. Brainstem cranial nerves were normal. Dissection of the cerebrum was essentially normal, except that the lateral geniculate nucleus was pale (Fig. 2e) rather than its normal orangebrown color (Fig. 2d) . The remaining cerebral cortex, basal ganglia and thalamus were not atrophic or discolored and the ventricular system was not dilated (Fig. 2f) . Within the primary visual cortex, the line of Gennari was distinct (data not shown). The volume of the middle cerebellar peduncle was diminished (see Fig. 2a ), while the cerebellar folia and dentate nucleus showed no significant atrophy or discoloration (Fig. 2g) .
Hypothalamic-pituitary axis
Correlating with the patient's diabetes insipidus, the hypothalamus showed significant neuron loss and gliosis in the paraventricular and supraoptic nucleus (Fig. 3a, b1,   b2 ). The remainder of the hypothalamus, including the mammillary bodies, fornix, subfornical organ and dorsolateral hypothalamus, was histologically normal.
Sectioning through multiple levels of the entire pituitary gland failed to reveal significant neurohypophyseal tissue (Fig. 3c) . Only a thin rim of neuroglial tissue remained on the posterior pituitary, as identified on GFAP immunostains (Fig. 3d) . Most of the adenohypophysis was structurally normal; a small focus lacked a normal nested architecture but showed several cell types (Fig. 4c, e) . Immunohistochemical staining for adrenocorticotrophic hormone (ACTH), growth hormone (GH), follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroid-stimulating hormone (TSH) and prolactin stained individual cells in both the structurally intact and amorphous areas (data not shown).
Visual system
The patient's visual system was severely affected. The optic nerves and tracts were shrunken and gray (see above). The lateral geniculate nucleus was also small, yellow-gray, and had lost its normal striped pattern (Fig. 2d, e) . The posterior retina demonstrated a moderate to marked loss of the retinal ganglion neurons and slight vacuolization of the retinal ganglion cell layer (compare Fig. 4a, b) . Unlike the outer nuclear layer, which was relatively preserved, the inner nuclear layer was thin. Both the internal and external plexiform layers were also significantly reduced in width. Calretinin immunostains showed occasional cells at the outer edge of the ganglion cell layer (arrowhead, Fig. 4c ) and sporadic positive cells in the inner zone of the inner plexiform layer (arrows, Fig. 4c ). Based on their location and staining, these likely represent amacrine AII cells [4, 30] although we cannot entirely exclude that they are displaced ganglion cells. A few retinal ganglion neurons showed light calretinin staining (data not shown). Neu-N immunostains (Fig. 4d ) revealed a few more neurons in the ganglion cell layer than H&E; many of these were flattened or shrunkened. The few remaining ganglion neurons on routine stains were not enlarged, although ganglion swelling could not be excluded, given the small sample that remained.
Retinal projections had undergone corresponding axonal degeneration and showed a moderate to marked loss of Fig. 2 Gross pathology. a Ventral view of the brainstem and optic nerves. The optic nerve (II) has a light brown color, rather than white, and has shrunken almost to the size of the oculomotor nerve (III). The remaining cranial nerves are unremarkable (IV-VIII). However, both the medulla (white arrowheads) and pons (black arrowheads) are significantly shrunken. b The diminution of the pontine base compared to a normal control. While the tegmentum (teg) has a normal height, the base is significantly smaller in all dimensions. c Similarly illustrates changes in the rostral medulla at the level of the inferior cerebellar peduncle (icp). The inferior olivary (ION) bulge is flattened and the medullar reticular formation (RF) is small. d A normal lateral geniculate nucleus (LGN) and medial geniculate nucleus (MGN) at the level of the posterior commissure (pc). e In the patient, the MGN has the same light gray color as the control; in contrast, the LGN completely lacks the darker brown color of the control. The coronal section in (f), which includes the LGN in (e), illustrates the essentially normal telencephalon. The lateral ventricles (lv) are not dilated, the corpus callosum (cc) is not atrophic or discolored, the thalamus (Th) is of normal size and configuration (except for the pallor in the LGN), and no hippocampal (Hip) shrinkage is present. Similarly, the radial section of the cerebellum in (g) displays no atrophy of the folia, and the dentate nucleus (DN) has a normal size and color myelinated axons with secondary gliosis in the optic nerve ( Fig. 4e ), chiasm and tract (see Fig. 3a ). Calretinin immunoperoxidase lightly stained the sparse axons within the optic nerve (Fig. 4f) ; these stains did not demonstrate large axonal spheroids. The axon loss in the optic tract was variable, with near complete loss centrally and with relative preservation at the periphery (OT in Fig. 3a) .
Much of the normal architecture of the lateral geniculate nucleus (LGN, Fig. 5a ) had been effaced by the loss of the retinal projections, its marked neuronal loss and the consequent axonal degeneration in the optic radiation. In coronal sections at the level of the posterior commissure, the LGN lies just medial to the attachment point of the choroid plexus (''ap'' in Fig. 5a ) and is surrounded on all sides by myelinated axons, including on its border with the brain exterior (see myelin boundary, mb, of control in inset of Fig. 5a ). These two landmarks were used to confirm the location of the denuded LGN. Detailed microscopy of this region demonstrated a residual myelin boundary (''mb'', The primary visual cortex had a distinct macroscopic stria of Gennari (data not shown). This was confirmed by microscopy, which showed a well-myelinated line of Gennari along the entire section of area 17 ( Fig. 6a ). This myelinated line is the most pronounced example of the outer band of Baillarger common to most types of neocortex. In area 17, this band lies in layer IV-B (see Fig. 6b ), which receives its major inputs from other areas of cortex but not from the LGN [15] . Its thinly myelinated fibers likely represent intrinsic cortical axonal connections. The LGN projects mainly to layer IV-C, which typically has sparse myelin staining as in this patient (Fig. 6b) [15, 16] . In the occipital lobe, the effect of the marked loss of neurons in the LGN is reflected in the pallor and gliosis in the optic radiation (''or'', Fig. 6a) . No swollen neurons, axonal spheroids or myelin ovoids were identified on myelin (Fig. 6c ) or axon silver (Fig. 6d) stains. Within the limitations of autopsy material and this analysis, the patient's primary visual cortex was structurally normal.
Auditory system
Both cochleae were fully developed and showed the typical basal, middle and apical turns (Fig. 7c) . There was complete atrophy of the organ of Corti in the lower basal turn (0-14 mm on the right and 0-13 mm on the left) where inner hair cells, outer hair cells and supporting cells were missing (Fig. 7d) . Beyond this region, there was a fairly abrupt transition to a healthy-appearing organ of Corti with the presence of pillar cells, supporting cells and inner hair cells. Outer hair cells were partially missing in the next few millimeters (14-18 mm on the right and 13-18 mm on the left), beyond which the organ of Corti was completely intact on both sides (Fig. 7e) . The tonotopic distribution of loss of hair cells corresponded well with the highfrequency hearing loss observed on audiometric testing (Fig. 7a, b) . The stria vascularis was generally intact in both ears except for small areas of focal atrophy in the apical turn (Fig. 7a, b) . Overall, cochlear neurons were intact except in the proximal basal turn where some of the cell bodies had degenerated (Fig. 7d) . The cochlear nerve and the vestibular sense organs were intact. Numerous osteoclasts had accumulated along the anterior and lateral wall of the bony eustachian tube. They were present at the junction of the submucosa and bone, and appeared to be actively resorbing the underlying bone. The dorsal 
Olivopontocerebellar system
On gross examination, the medulla and pons were shrunken (see above), while the cerebellum was largely unaffected. The small size of these structures was due in part to degeneration of extant neurons, as evidenced by the presence of gliotic gray matter neuropil devoid of neurons.
Regions showing gliosis and neuron loss included the medial vestibular nucleus (not further discussed), medullary reticular formation, inferior olivary nucleus (ION) and the pontine base. Comparison of approximately the same level of the medulla (Fig. 8a) and pons (Fig. 8d) , of the patient and a control confirms the gross findings: the ION and medullary reticular formation (''RF'') are smaller in the medulla (Fig. 8a ) and the base, but not the tegmentum, which was smaller in the pons (Fig. 8d) .
Neurons were moderately decreased in the ION (Fig. 8b) . While many neurons remain, they are more spread out than in controls. In cross-sections taken at approximately the same level of the medulla, the ION had only about one-third of the neurons as the control (321 compared to 887). Although some remaining neurons were clustered, the neuron loss was diffuse and not patchy. The remaining neurons immunoreacted with calretinin antibodies (data not shown). While a few swollen axons in the hilum of the ION were highlighted with APP stains (Fig. 8c ), these were rare; most did not stain. The ION projects into the cerebellum through the medial aspect of the inferior cerebellar peduncle (ICP); this region showed only mild myelin pallor compared to the remainder of the ICP (data not shown), indicating that the remaining neurons likely maintained their connections with cerebellar Purkinje neurons. Increased gliosis and decreased myelinated axons affected the dorsal and lateral reticular nuclei and the intermediate reticular zone; the nucleus ambiguus showed significant neuron loss (data not shown). Compared to the relatively diffuse neuron loss in the ION, the loss in the pontine base was especially patchy. Small groups of intact neurons were juxtaposed to similar small regions of gray matter devoid of neurons. To map the involved regions, the gliotic areas were selected by color and then blackened (Fig. 8e) . Neuron loss was greatest caudally and ventrally. However, in the ventral region, the loss was greater medially and laterally, but showed relative sparing between these regions. The dorsal aspects of the pontine base, further removed from the corticospinal fibers, were only minimally involved. Commensurate with the pontine neuron loss, the middle cerebellar peduncle (MCP) was slightly pale and showed increased eosinophilia of gliosis. Similar to the ION, a few APP-positive swollen, beaded axons stained in the pontine base; these were not clustered and were rare (Fig. 8f) . Unlike the ION and pontine base, the cerebellum showed little evidence of neural degeneration. Neither the folia of the hemispheres nor the flocculus were atrophic (see Fig. 2g ) or showed qualitative loss of Purkinje or internal granular neurons (Fig. 8g) . The molecular layer, which degenerates following loss of these neurons, was not atrophic (Fig. 8g) . Similarly, the dentate nucleus had an appropriate density of neurons and was not gliotic (Fig. 8h) . The superior cerebellar peduncle (SCP), which represents the main output bundle from the dentate nucleus, was normal (see Fig. 8d ). The very rare axonal torpedoes were highlighted using immunostains for neurofilament (Fig. 8i) ; such torpedoes were not a primary feature of this disease. Examination of an entire slide of cerebellum disclosed mild white matter pallor, especially inferiorly, which is commensurate with the moderate loss of fibers from the MCP (data not shown).
Remaining brain
The allocortex, including the amygdala, ventral claustrum, entorhinal cortex and ventral insula, were preserved. In the thalamus, the anterior nucleus displayed neuron loss and gliosis along the dorsomedial edge. The locus ceruleus and the median raphe nucleus showed mild neuronal loss. Structures lacking pathological changes included the basal ganglia, cerebellum, substantia nigra and dentate nuclei (all data in this section are not illustrated). The cytologic alterations are displayed below the audiogram in a series of parallel bar graphs, with distance in millimeters from the basal end on the x axis from right to left, and magnitude of pathologic changes on the y axis (black) from bottom to top. The composite graph is known as the cytocochleogram [24] . This method allows depiction of the pathologic changes and its correlation with the associated audiogram. By displaying the pathology and the audiometric results on the same scale, the tonotopic organization of the cochlea is incorporated, and one can correlate the site of pathology (e.g., hair cell loss) with the frequency distribution of the hearing loss (on the audiogram). The black areas in the cytocochleogram represent missing or abnormal elements. The inner and outer hair cells are shown as present (white) or absent (black). Vertical axes of the cytocochleogram for the stria vascularis and cochlear neurons represent percentage of loss. The cochlear neuronal counts were compared with mean counts from normal newborns as well as agematched control samples. It is evident that there was complete loss of inner hair cells and outer hair cells in the basal 0-13 mm of both cochleae, which corresponds well with the high-frequency sensorineural hearing loss. Note that the atrophy of the stria vascularis was focal and restricted mainly to the apical turn. The cochlear neurons were intact except in the base, where there was a mild loss. reveals many remaining neurons; however, they are at a lower density than normal (see ''Results''). They appear more spread out and do not show large patches of loss. Rare axons immunostain for amyloid precursor protein (APP) in (c). Similar to the medulla, the pons from the patient in (d) is small compared to the control. The tegmentum (Teg) has nearly the same size in both, but the base is moderately shrunken. The trigeminal nerve (V) is similar in both. To illustrate the patchy pattern of loss in the pontine base, the more gliotic regions were color-selected and then blackened (e). In these patches of gliosis, neurons are lost; in adjacent gray matter regions, they are spared. Notice that the dorsal aspect of the pontine base displays only slight involvement. As in the medulla, a few APP-immunoreactive axons are present in the pontine base white matter (f); these are rare. g, h H&E/LFB stains that illustrate the normal histology of the cerebellar gray matter. The molecular layer (ML) is not atrophic, the Purkinje neurons layer (PNL) has an appropriate number of large neurons, and the internal granular layer is normal. The dentate nucleus has a normal contingent of neurons. Correlating with the normal dentate nucleus, the superior cerebellar peduncle (scp) in (d) is fully myelinated, compared to the control. A neurofilament immunostain in (i) highlights only very rare axonal torpedoes in the IGL (brown-staining oval)
Discussion
This report confirms and extends published neuropathological reports of patients with Wolfram syndrome. Previous described findings, confirmed in our patient, included atrophy of the optic tracts and chiasm, atrophy of the pons and loss of neurons from the paraventricular nuclei and supraoptic nuclei of the hypothalamus [6, 8, 25, 26] . However, in this patient, we examined the pathology of other structures, including the eye and inner ear, which had not been previously reported. The anatomical pathology correlates well with many of the patient's symptoms. We have also identified several significant discrepancies compared with other reports.
Clinicopathological correlations
Diabetes mellitus is a key feature of Wolfram syndrome. Our patient became insulin dependent at age 12. At autopsy, his pancreas showed a marked decrease in insulinproducing pancreatic islet cells, which was confirmed by the near absence of synaptophysin immunohistochemical staining. This finding has been previously reported [12] . Diabetes insipidus is another component of Wolfram syndrome. A loss of vasopressin-producing neurons in the hypothalamus has been well documented in this disease and is thought to be the cause of Wolfram syndrome-associated diabetes insipidus [17, 25] . Our patient had central diabetes insipidus and had lost most of the supraoptic and paraventricular nuclei magnocellular hypothalamic neurons that produce vasopressin. Vasopressin produced in the hypothalamus is normally transported down axons to the neurohypophysis and secreted at the axonal terminals. In our patient, the neurohypophysis was completely atrophic and reduced to a small crescent of glial tissue at the posterior of the adenohypophysis. Neuroradiologists have reported a loss of signal intensity in the posterior pituitary, indicating an absence or degeneration of the neurohypophysis [7, 25] ; some patients have been found to have ''empty sellae'' [27] .
Functional tests of the pituitary have shown deficiencies in somatotropic and corticotropic function in a significant proportion of patients, indicating possible additional involvement of the anterior pituitary [3, 27] or hypothalamic-releasing hormone neurons. Carson et al. [3] also described an absence of the posterior lobe of the pituitary in neuropathologic examination of one of their patients. Their study also noted bilateral adrenal atrophy, which may have been a result of pituitary dysfunction; however, this finding was not identified in our patient. Additionally, immunostains of the major anterior pituitary hormones were all positive in individual neurons, indicating expression of these hormones.
Our patient suffered from progressive blindness that began at an early age. At autopsy, his eyes showed marked degeneration of retinal ganglion neurons and concomitant axonal degeneration in his optic nerves and tracts. In addition, his inner nuclear layer had a reduced number of nuclei. Both his inner and outer plexiform layers were thin. This likely reflects the loss of intrinsic synaptic connections in the retina from a partial loss of ganglion, horizontal and bipolar cells, since his amacrine interneurons were relatively preserved in calretinin stains. His LGN also displayed neuron loss. Some retinal-geniculate axons remained in his optic tract, a few magnocellular neurons remained in his LGN, and his primary visual cortex was preserved, which suggests why he was still able to see bright light. Other studies have documented neuronal loss in the superior colliculus, although we did not appreciate this in our patient [26] .
Deafness in Wolfram's syndrome is commonly a highfrequency, symmetric, sensorineural hearing loss, usually manifesting in the second or third decade with a relatively slow rate of deterioration [20, 21] . Our patient fits this profile with a bilateral high-frequency hearing loss evidenced by age 12. The loss of hair cells in the basal turn of both cochleae seen in our patient correlates well with his high-frequency hearing loss, commensurate with the wellknown tonotopic representation of high-frequency sounds in the basal parts of the cochlea. Immunostaining of the mouse cochlea showed strong expression of Wolframin protein in hair cells and supporting cells of the organ of Corti, as well as in cochlear neuronal cells, along with weak expression in strial marginal cells [5] . Therefore, atrophy of the organ of Corti appears to be a specific correlate of the hearing loss in Wolfram syndrome. However, the reason for the selective loss of the organ of Corti in the basal turn is unknown. The loss of cochlear neurons in the basal turn may have occurred as a result of retrograde neural degeneration (secondary to atrophy of the organ of Corti), or as a direct result of Wolfram syndrome. It is possible that the focal strial atrophy was also a specific correlate of Wolfram syndrome. However, focal atrophy of the stria is a very common finding in a wide variety of congenital, genetic and acquired deafnesses [24] . Overall, cochlear neurons were present in near-normal numbers and the cochlear nerve appeared normal. It is well established that the cochlear neurons, the cochlear nerve and central auditory pathways are all critically important in speech discrimination [24] . Our patient had normal speech discrimination, thereby suggesting that the central auditory pathways were mildly affected or unaffected.
The bilateral osteoclast proliferations in the bony eustachian tube are intriguing. However, we have no explanation for this finding nor can we associate them with any clinical symptom. Wolfram syndrome is not known to typically cause any bony abnormalities or osteopenia. No bone disease was described in our patient's medical history or in the general autopsy, although our study did not include a histological examination of other bones. It is possible that this is simply a focal reactive process or one related to his pituitary pathology and associated endocrine dysfunction.
Our patient had several neurological deficits that are typically associated with cerebellar function. He had gaze-evoked nystagmus, impairment of his pursuit and vestibular-ocular reflex, ''slurred'' speech (but normal language) and deficits in one-foot stance and tandem gait. The brain's most significant external findings were the diminutive size of the pontine base and medulla, but not of the cerebellum. Microscopically, the pontine base had a complex pattern of neuron loss. On each side, the neuron loss and gliosis were greatest around the periphery of the descending corticospinal-corticopontine fibers. This complex pattern of loss is reminiscent of the somatotopic relationship between the primary somatosensory cortex and the pons, in which oral regions of the rat are represented centrally on each side, and trunk and limbs occupy progressively larger shells around the central region [14] . In our patient, the central region was relatively preserved, compared to the peripheral ''shells'' of neurons. In addition, the pattern of neuron loss in the pons was patchy; small clusters of neurons (20-50) lay adjacent to similar size regions of gray matter devoid of remaining neurons. The patient's inferior olivary nucleus had also lost a moderate number (about 60%) of neurons, but in a diffuse rather than patchy pattern. In contrast to these two precerebellar nuclei, the cerebellum itself did not show significant neuron loss in its input areas (internal granular neurons), Purkinje neurons or output neurons (dentate nucleus), in either the hemispheres or flocculus. Some loss of cerebellar white matter had occurred, likely the consequence of pontine neuron loss, but was difficult to quantify. Similarly, this report did not further examine mossy fiber terminals in the internal granular layer; such an examination would be complicated by the partial loss in the pons, but the preservation of the ascending spinocerebellar fibers. How our patient's complex but moderate pattern of neuron loss in the pons and ION correlate with his mild ''cerebellar'' symptoms remains speculative, however we feel the pathology in these structures and other medullary nuclei likely produced most of his clinical features. Given the patient's impaired vestibuloocular reflex, the lack of flocculus pathology suggests that projections from the vestibular system were damaged [19] .
Genis et al. [8] reported that their patient also exhibited cerebellar symptoms such as postural tremor and unsteadiness, for which they were able to demonstrate moderate loss of neurons in the dentate nuclei of the cerebellum with a reduction in Purkinje cells. Other reports have also documented cerebellar atrophy and Purkinje cell loss [3, 17] . Such changes were not significant in our patient. We did not appreciate any significant cerebellar cortical or nuclear pathology in our patient.
Substantia nigra pathology was reported by Carson et al. [3] with loss of pigment, neuronal degeneration and gliosis, but this has not been described elsewhere. Their patient did not exhibit any deficiencies in motor function. Our patient had no described bradykinesia or tremors and his substantia nigra had not degenerated.
Pathophysiology
It is unknown whether the loss of islet cells represents a primary process or a secondary one arising from an unidentified central neuropathologic defect. Beta cell loss can occur in the absence of neuronal degeneration, as has been reported in mice deficient only in beta islet cells for the Wfs1 gene [23] . No autoimmune process or HLA system involvement has been identified [1, 12, 18] . The defective wolframin protein, which is expressed in islet cells, is likely to be involved in pancreatic beta cell loss due to its proposed role in cellular stress relief [10] .
The pathology in our patient involved seemingly disparate neuronal types involving several anatomically and functionally separated systems. The affected systems included special sensory systems (vision, auditory, possibly vestibular), olivopontine system and several endocrine systems (insulin, vasopressin, likely oxytocin). Intriguingly, our patient was diagnosed with Hashimoto's thyroiditis at the age of 11; whether this represents dysfunction in an additional endocrine system remains speculative. How these three different types of systems are related in Wolfram's syndrome is unknown.
Given the genetic basis for this patient's disease, the question arises whether the primary pathology arose during development or resulted from cellular degeneration. Clinically, the patient lost milestones throughout his childhood and adolescence, indicating that the systems were intact and later degenerated. Examination of his brain revealed cellular loss and gliosis in intact nuclei and secondary axonal degeneration, rather than absence or malformation of the affected structures. The ears showed a gradual, but focally complete, loss of the organ of Corti as one progresses down the cochlea. This gradation of loss and the patient's clinical history suggest a progressive pathology of a once essentially normal ear structure and function. Overall our findings, in conjunction with previous neuropathological reports, indicate that Wolfram syndrome is predominantly a neurodegenerative process affecting multiple select systems, a process that begins early in childhood and continues throughout the life of the individual. In our patient, we cannot completely exclude a congenital component, since the atrophy in select regions of his brain (pons, medulla) seemed out of proportion to his neuronal loss.
Shannon et al. [26] , in addition, noted swollen and dystrophic axons in numerous locations including the pons, fornix and certain areas in the deep cerebral white matter. Despite careful inspection, no axonal pathology was identified on routine stains. Staining for amyloid precursor protein, which is a marker for active axonal injury, showed only occasional axons in the pontine base and ION. Stains for neurofilament disclosed only a few torpedoes in the cerebellar internal granular layer over an entire region sampled. Using silver stains, no axonal spheroids were identified in the primary visual cortex. Primary axonal pathology was not a feature of our patient. We cannot fully explain the discrepancy between our results and those of Shannon et al.
The
LGN is well known to undergo transsynaptic degeneration following unilateral or bilateral loss of an eye or vision. The LGN in our patient had undergone massive neuron loss and gliosis. However, our data are mute concerning whether the loss represents transsynaptic degeneration or a primary neurodegenerative process. Given the patient's intact cochlear nucleus and other primary sensory nuclei, we favor transsynaptic degeneration.
Unexamined topics and unexplored areas
Several phenomena in this patient have not been further characterized. The anterior pituitary had focal fibrosis and focal loss of cellular architecture, which are of uncertain significance. Whether these findings as a whole indicate damage to the hypothalamus with secondary degenerative changes of the pituitary or primary pituitary disease is unclear. Genis et al. [8] reported olfactory bulb and tract atrophy in a case of Wolfram syndrome with anosmia. We did not microscopically examine our patient's olfactory system, although grossly the olfactory tracts and bulbs were not decreased in size. We have also not examined in detail the different subtypes of neurons in the retina. Our patient expired from repeated bouts of pneumonia that were likely related to central hypoventilation. While we observed neuron loss in medullary reticular formation, we did not map this further. In addition, we noted neuron loss in the medial vestibular nucleus, but did not further characterize the vestibular system. Although mossy fibers from the pons should have shown some degeneration in the cerebellar internal granular layer, we did not investigate this further. Similarly, axons projecting from the LGN to layer IV-C of the primary visual cortex should have degenerated; this was not further examined. We also did not examine subcortical visual systems. Finally, the patient suffered from clinical depression and occasional bouts of suicidal ideation. Although his entire brain was small (1,100 g compared to 1,400 g for normal male adult), we could not qualitatively identify pathology in neocortical or limbic regions. Subtle loss of neurons in any region would have been difficult to detect in this autopsy analysis.
Conclusion
This report confirms features of Wolfram's syndrome that have been described by others, including atrophy of the optic nerves and tract, loss of neurons from the supraoptic and paraventricular nuclei and atrophy of the basal pons [3, 8, 11, 13, 26] . Additionally, we have provided more detailed descriptions of the visual, auditory, hypothalamicpituitary and the olivopontocerebellar system pathology. Our findings imply that the major pathology in patients with Wolfram's disease is due to neuron cell loss, rather than congenital development or axonal pathology. We also feel that the detailed anatomical investigations in this patient have heuristic education value, since many of the neuroanatomic systems involved in Wolfram's syndrome are typically only briefly covered or covered only once in the education of a physician. We recognize that several major questions or areas of investigation remain in our understanding of this devastating neurodegenerative disease.
